A strain of Bacterium lactis aerogenes giving normal growth when inoculated from bouillon into a standard glucose-phosphate-ammonium sulphate medium yields many long snake-like forms when inoculated into a similar medium with a much lower glucose concentration.
The general object of the work of which this forms part is to seek some under standing of the physico-chemical mechanisms underlying the growth of bacterial cells. The physico-chemical approach to the problems of cell chemistry is concerned with the kinds of way in which systems of homogeneous and heterogeneous chemical [ 47 ] reactions can be so co-ordinated as to give organization or determine morphology. It is to be regarded not as an intrusion into biology, but as an attempt to extend chemical kinetics to the study of reactions linked in spatial and temporal sequences a natural advance from the classical kinetics of isolated reactions. In this laboratory several quantitative studies have already been made of the growth under various conditions of Bacterium lactis aerogenes (Dagley & Hinshelwood Lodge & Hinshelwood 1939 , 1943 Poole & Hinshelwood 1940) . The present investigation arose from the discovery of the conditions under which a certain strain of this organism could be induced to give the long snake-like cells which have not infrequently been observed with coliform bacteria (Ainley Walker & Murray 1904) , but which seem never to have been quantitatively studied. Experiments have been made to discover the law of size distribution of these cells, to show how the morphology of the cell is determined by the relative rates of production of two growth factors, and to study the changes in these rates as cells adapt themselves to a new medium.
. H is t o r y o p t h e c u l t u r e u s e d
A strain of Bacterium lactis aerogenes obtained from the National Collection of Type Cultures was subcultured monthly over a period of years in bouillon. It was once plated out on agar and regrown from a single colony without detectable change in reactions or growth characteristics. It grew well in a medium consisting of potassium dihydrogen phosphate (3-46 g./l.) brought to 7-12 with sodium hydro xide, magnesium sulphate (0-0 3 8 g./l.), ammonium sulphate (0-96 g./l.) and glucose (38-5 g./l.), especially when aerated with a gentle stream of air of normal carbon dioxide content. This solution will be referred to as the standard medium. One or two loops of the bouillon culture were usually inoculated into the standard medium from which, when growth was complete, subcultures were made by pipette (0-1 c.c.) into 26 c.c. of fresh standard medium. More than fifty subcultures have been carried out without detectable change in growth rate. Coliform organisms are notoriously mutable, but except for a slight change in the growth rate in the aerated standard medium which occurred at one stage during the many subcultures in bouillon, this strain appeared to be stable, and, as far as could be judged, homogeneous.
P r o d u c t io n o p c e l l s o p a b n o r m a l l e n g t h
When a few loops of a bouillon culture were transferred to a solution differing from the standard medium in that the glucose concentration was reduced to onetwentieth, a very remarkable effect was sometimes observed. Some of the cells grew to long snake-like organisms of all sizes up to 20 or 30 times the normal length. Other dimensions appeared normal. The frequency and size of the long organisms reached a maximum, after which they began to divide, sometimes finishing up as a normal population. The long forms were single cells and not chains. This was clearly evident under the microscope which sometimes revealed a snake-form in process of transformation. The chain-like array of cells was easily distinguishable from the original long cell.
All the experiments were made at 40-0° C.
Changes in morphology of Bacterium lactis aerogenes 4. M e t h o d o f m e a s u r e m e n t
Inocula were made into the aerated artificial medium. Samples were removed at intervals, sterilized, stained and counted in a haemocytometer. The counts (n) recorded are numbers visible in a field square: they are convertible to numbers of cells per c.c. by multiplying by 1-25 xlO6. (Incipient turbidity of the medium corresponds to about n = 10: the logarithmic growth phase ends according to circumstances.)
Sizes were estimated by microscopic comparison with a ruled grid. The unit of length is an arbitrary one, since comparative sizes only are needed.
D is t r i b u t i o n o f s iz e s i n n o r m a l c u l t u r e s
Bacteria, with a few exceptions such as Corynebacterium attain their maximum size during the early stages of the growth cycle and then become smaller as the stationary phase is reached (Henrici 1921 (Henrici , 1922 (Henrici , 1923 . Bacterium lactis aerogenes conforms to this general rule. Figure 1 shows how the ratio (p) of the num ber of cells between 1 and 1-5 units long to the number less than 1 unit long varies during the growth cycle for various inocula into the standard or into a dilute glucose medium. The maximum occurs usually at less than half-way towards the stationary population. The rapid fall in the number of larger cells as the stationary phase is approached is to be noted.
. S iz e d i s t r i b u t i o n i n c u l t u r e s p r o d u c in g t h e s n a k e -l ik e c e l l s
In normal cultures of this strain the size distribution at any given moment does not show more scattering than could be accounted for by the different ages of the cells present. When conditions favour the formation of the greatly elongated cells, the size distribution widens very markedly and changes its whole character. Some typical distributions are recorded in table 1 and the law governing them is revealed by the graphs in figure 2.
If n is the total number of organisms present, and nt the number of length greater than l, then, over a considerable range, there is conformity with the law
where l is the average length of all the cells.
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400 n F ig u r e 1. Various inocula into dilute or concentrated glucose medium. From (1) it follows that log {ntjn) plotted against l should give a straight line, the slope of which is determined by l:
The extent to which this is followed is shown in figure 2 , which refers to cultures in dilute glucose (0*05 standard) at different values of the total count n. The law is well obeyed except that at certain stages of the growth cycle the number of very long cells is rather greater than it would predict. For example, in some cultures at the end of the growth phase, when most of the long cells have divided and the average length has fallen to normal, a few of the snake-like ones persist. Since cells of abnormal but intermediate length do not persist in this way but eventually split, it is possible that the longest ones have had their vitality impaired, and thus remain in numbers somewhat in excess of those predicted by the general distribution law.
It is convenient to have a quantitative measure of the abnormality of any given population. Since in the normal cultures none of the cells exceed 2 units in length, we define a size coefficient, which we call <r, in the following way:
where vL is the number of cells in a small range in the neighbourhood of l, l being in practice taken at 3, 4, 5, ... units. <r is zero for a normal population: for <r = 5-10 the size distribution is perceptibly anomalous to the eye, while at values greater than about 30 the microscope field presents a very striking appearance (see plate 10).
The maximum value observed with the strain of Bacterium lactis aerogenes now in question was about 200. These indications are useful in assessing the results recorded in some of the tables which will follow. 
The validity of the original formula (1) is further illustrated by the agreement between the values of l calculated from (2) and from (4), as plotted in figure 3. The exponential law of size distribution is a common statistical form: it is that which gives, for example, the number of molecules whose free path exceeds the mean free path by a given multiple. Its applicability here means that the division of the cell is governed not by its mere size, but by the probability of certain events going on inside it which are independent of its actual length at the moment of their occurrence.
In a culture yielding a normal population, cell division attains a very high degree of probability as soon as enough material has been synthesized, that is, as soon as the cell attains a certain length. The rate of elongation is thus the limiting factor determining the moment of division, and we have a population with sizes varying from that of the newly formed to that of the full-grown cell. In a culture yielding the snake-like organisms, the division process is delayed for some reason: it depends upon a conjunction of events in the cell which is now much less probable. Elongation continues until it is terminated by this independent conjunction of events, which now becomes the limiting factor. Delayed division, resulting in a specially long cell, depends upon a combination of probabilities analogous, from the statistical point of view, to that which allows a molecule to traverse an abnormally long free path. Hence the exponential distribution law.
(In another strain of Bacterium lactis, which will be dealt with separately, the probability of division may become so small that practically all the bacterial sub stance appears in a tangle of long threads: here naturally the exponential law itself becomes inapplicable, the limiting factor determining length being something other than the delayed division probability.)
The nature and cause of the delayed division will now be inquired into.
V a r ia t io n i n t h e s iz e c o e f f ic ie n t d u r i n g t h e g r o w t h c y c l e
During the growth of a culture cr first increases and then falls. Some typical curves are shown in figures 4 and 5. cr itself is the best measure of the £snake-like' appear ance of the culture, but a more significant constant is the l of equations (2) and (4) above. The variation of l with n is plotted in figure 3 for two inocula into the dilute glucose medium (1/20 standard). For these cultures the logarithmic phase was drawing to a close when n reached 500-600. (As in other phenomena following the statistical law which applies here, moderate changes in the mean value correspond to large changes in the probability of exceptionally large values: i.e. in the present example small changes in l correspond to large changes in the frequency of the longer snake-forms.)
The results shown in the figures are typical and may be summarized by saying that, under these conditions, in the early stages of the growth cycle elongation may predominate over division, but in the later stages the balance is reversed.
The actual value of n at which cr attains its maximum value varies considerably: the maximum varies in height, sometimes it is reached early, sometimes later: sometimes it is sharp, sometimes flat. (Compare figure 4, glucose concentration constant, and figure 5, varying glucose concentration.)
. I n f l u e n c e o f g l u c o s e c o n c e n t r a t io n o n s iz e c o e f f ic ie n t
Inocula into the standard medium do not give rise to the long forms, the appear ance of which as the initial glucose concentration is progressively reduced is shown in figure 5. For these experiments the inoculum was prepared by subculturing a bouillon culture once in a medium containing asparagine (see later), and using 4 loops of this new culture at an age of about 12 hr. The glucose concentrations are expressed as fractions of the standard. The curves in the figure show that with reduction in the initial glucose concentration, the maximum value of cr first rises rapidly, attaining its greatest magnitude for a concentration of 1/ 10. At still lower concentrations it falls. This final fall in cr is, however, probably due to a secondary cause. As shown in the table, the stationary population which the medium will support is, for the lower concentrations, little greater than the value of n at which is a maximum. In figure 5 the maxima from 0-01 to 0-1 appear to have a common envelope, which suggests that if, for the more dilute media, n could increase further, cr would also reach values greater than the <rmax observed. 
Changes in morphology of

I n f l u e n c e o f t h e o sm o tic p r e s s u r e o f t h e m e d iu m o n or
In the standard medium the greatest contribution to the total osmotic pressure is that made by the glucose. To test the possibility that <rmax might be, among other things, a function of the osmotic pressure, additions of other substances to the dilute glucose medium were made. Sodium chloride, ammonium sulphate, and F ig ure 6. Black-rimmed circles: glucose additions. Open circles: sodium chloride additions.
Full circle: ammonium sulphate addition. Half-shaded circle: erythrite addition erythrite (in which Bacterium lactis aerogenes does not grow) all caused reduction in cr and l. For example, cr was reduced from 150 to 30 by the addition of 0-5 g. extra am monium sulphate, and to zero by 1*0 g.: from 50 to 8 by 0-2 g. sodium chloride and to zero by 0*3 g.
In figure 6 the value of Standardis plotted against the osmotic pressure of the medium (expressed relatively to that of the standard medium). The line is drawn with a slope of 45°: it is evident that there is a rough inverse relation between the mean length of the cells and the osmotic pressure of the medium, for otherwise comparable conditions.
0 . I n f l u e n c e o f t h e in o c u l u m o n t h e o c c u r r e n c e o f THE SNAKE-LIKE FORMS (a) Effect of successive passages through ammonium sulphate
The long cells only appeared in the dilute medium, but concentration was by no means the sole determining factor. The conditions for them proved to be very elusive-which was not surprising in the light of the eventual findings.
With 2-6 loops of a bouillon culture transferred to the dilute glucose medium cr is usually appreciable and may be large. With successive passages of the bacterium through the artificial medium (standard or dilute) the value of cr, found by a test in the dilute medium, progressively diminishes as shown in figure 7. This loss of power to give snake-like forms is not easily reversed: for example, after 22 passages through the standard medium a culture gave cr consistently zero: 9 passages through bouillon led to little recovery. Addition of small amounts of bouillon to the artificial medium does not induce the appearance of snake-forms in a culture which has been trained not to give them, i.e. the passages through the standard medium have done more than merely eliminate some original constituent of the bouillon.
The production of the snake-like forms is clearly associated with the adaptation of the organism to growth in a new medium. They appear when cells grown in bouillon for many generations are transferred to the artificial medium (in which growth is only about two-thirds as rapid): they disappear when the cells are trained to this poorer medium. Something analogous occurs with Gorynebacterium diphtheriae which is said to give cells with abnormal morphology (though not specifically long cells) when transferred to new media (cf. Maver 1931) .
If bouillon cultures are inoculated into the dilute glucose medium with asparagine in place of ammonium sulphate, cr is always zero.
If, on the other hand, a bouillon culture is passed once through the asparagine medium, and a small inoculum from the latter is transferred to the ammonium sulphate-dilute glucose medium, then the value of cr is specially high: indeed, the highest values ever observed were obtained in this way.
All these observations are probably covered by the statement that the precise enzyme balance established in the cells in one medium is of primary importance in determining whether or not the snake-like forms occur on subculture into a new medium.
(b) Effect of inoculum age <rmax decreases with the age of the bouillon inoculum. The decrease is not always very regular, but this may well be due to the difficulty of preserving a standard inoculum size from the bouillon cultures which become slimy and inhomogeneous as they age.
Changes in morphology of Bacterium lactis aerogenes
Serial number of sub culture F ig u r e 7. Black-rimmed circles: subcultures in standard medium. Open, full, and hori zontally divided circles: subcultures in dilute glucose medium. Vertically divided circle: subcultures in asparagine-glucose medium.
The following are a few examples from many collected. 5 loops of a bouillon culture hr. old gave rrmax = 120 in dilute glucose; after ageing for 240 hr. at 37°, 5 loops gave crmax = 29. In another case, cr was maintained at a high value for 27 days and then fell from 185 to zero in the next 9 days, the temperature in this set of experiments being 20°. In yet another set the results were: The asparagine culture did not appear to age rapidly. Figure 8 (which also illustrates an effect of inoculum size) shows the inappreciable change in 140 hr. at 40° of an inoculum derived from three loops of bouillon once passed through the glucoseasparagine medium.
In the experiments to which figure 7 refers the ages of the ammonium sulphate inocula varied randomly from 4 to 20 hr.
A curious effect was once or twice observed, namely, that heating bouillon to 100° C before use as a culture medium lowered the cr, in dilute glucose, of inocula taken from it.
Whether the changes referred to in this section occur principally in the cells themselves or in the medium in which they are kept is hard to say, but an opinion on this matter will be easier to form after consideration of the next section. 1 1 . L a g a n d m e a n g e n e r a t io n t im e i n r e l a t io n to l o n g -cell
FORMATION. HYPOTHESIS OF THE L AND D FACTORS
Whether or not the snake-like forms appear depends upon the balance between the two processes of elongation and division. When a young culture is inoculated into the ammonium sulphate-glucose medium there is a well-defined lag period ('early lag5 as distinct from the 'late lag5 shown by older cultures), during which a diffusible growth factor is formed in the medium (Lodge & Hinshel wood 1943) .
For the strain of Bacterium lactis aerogenes with which most of the experiments were made, the early lag is shorter the lower the initial glucose concentration. In growth, elongation must precede cell division, so that the essential part of the growth factor must be a promoter, which we shall call L, of cell elongation. The lag will end when L reaches some threshold concentration. If, at this time, conditions favour division, normal growth will take place: if division is delayed, the cells will lengthen to snake-like forms. It is convenient now to make the hypothesis that among the conditions favouring division is a critical concentration of a substance which will be denoted by D. From the early lag phenomenon we know that L requires time to reach the threshold concentration: it is reasonable also to suppose that time is required for D to attain its optimum value, i.e. that at which cells can divide as soon as they have synthesized the normal amount of new material.
We can now picture the production of the snake-like forms in the following way. Suppose the cells are adapted to growth in bouillon, and are inoculated into the standard medium. With concentrated glucose the rates of formation of L and D are still nearly enough balanced for normal growth to occur. With dilute glucose, how ever, L reaches its critical concentration sooner, as shown by the shortened lag, but the formation of D does not keep pace. Growth therefore starts while the division probability is still small, with the result that the snake-forms appear. Meanwhile D increases and presently the balance is restored: the size distribution then becomes normal again.
The curve of cr against n shows a maximum, which occurs at almost any stage of the growth, and can be explained as follows. On inoculation from a fully grown culture D is carried over into the new medium, either in the cells themselves or in the accompanying liquid, in amount great enough to cause a certain degree of normal division. If, during the division process, it is consumed, then the store is used up, and the snake-forms appear until such time as the new cells have synthesized D up to the critical amount once more. The culture then becomes normal again. The range of n values over which the abnormal forms appear will be wide or narrow according to the amount of D carried over with the inoculum, to the rate of synthesis and consumption, and the length of the lag period.
The influence of inoculum size and of inoculum age are to be interpreted in terms of an interplay of the same factors.
By repeated passage through the ammonium sulphate-glucose medium the strain is trained to give no snake-like cells even in dilute media. (Only numbers in the same vertical column are comparable, different columns referring to inocula of different ages, which, in any event, have different lags.) Early lag, at a given inoculum age, has already been shown not to change on repeated subculturing (Lodge & Hinshelwood 1943) . Therefore in the training process the early lag in the dilute medium must have lengthened. That is to say, L takes longer to reach the necessary concentration for elongation to start: during this longer time D has had more time to reach its own threshold, with the result that normal cells are produced.
The size of the cells depends upon the rate of elongation and upon the division probability. The mean generation time depends upon these same factors. In the standard glucose medium the mean generation time was 34 min.: in dilute glucose values observed were 41-7 and 43 min. If we assumed a constant division probability, then these numbers would imply a smaller rate of elongation in dilute glucose and therefore less tendency to give snake-forms. This being the reverse of what is found we are confirmed in our preference for the hypothesis which explains the snake-forms by a lowered division probability, due in its turn to the setting in of elongation before the division factor reaches its proper level*.
*
Mean generation times of abnormal cultures. F or norm al cultures the num ber of viable bacteria is given by th e exponential law n = n0ekt. I f this law is taken to m ean th a t the rate of increase of bacterial substance is proportional to the mass present a t any tim e after th e end of the lag phase, then when snake-forms are produced, the viable count, reckoning each long organism as one cell, would be given by the equation nl = n0l0ekt, where l and l0 are th e 1 2 .
I n f l u e n c e o f f il t r a t e fr o m o l d e r m e d ia ADDED WITH INOCULA TO FRESH MEDIA
Of the two factors, L and D, postulated in the last section, we already know that L diffuses out of the cells. When the medium is centrifuged free from cells and sterilized, it is still capable of shortening the lag of a new culture. Small amounts are enough to cause a considerable shortening, so that L must be present in relative abundance. We do not yet know whether D can diffuse into the medium in a com parable way but the following experiments give an indication.
Three cultures were grown in the dilute glucose medium to different stages, corresponding to early, middle and late logarithmic phase respectively: the sterile media obtained from these by centrifuging and heating to 100° (I, II and III) were added in portions of 2 c.c. to dilute glucose media, all of which were then given identical inocula (0-05 c.c. glucose-ammonium sulphate, one subculture removed from parent bouillon strain There is a regular increase in or with decrease in lag, i.e. the expected correlation of cr with L. The medium I, however, was obtained from a culture in which the snakeforms were just appearing, while III was obtained from one in which they had just disappeared. From this we must conclude that the influence of heated, diluted medium from older cultures is chiefly determined by the presence of the L factor, and that the influence of the D factor is much less in evidence-if indeed D is present in the medium at all. To conclude that it is definitely absent is not justified by the data. We know that increase in osmotic pressure lowers cr, and it is certain that fermentation of the medium gives rise to low molecular weight compounds which increase the osmotic pressure. To this extent we might say that various kinds of D factor were in fact formed in the medium. Hitherto all moderate additions of used ammonium sulphate-glucose medium, other than those causing large osmotic pressure increases, have either enhanced cr or had little effect. In these media, therefore, L seems to predominate over D. In average lengths a t tim e t and tim e 0 respectively. The count can be corrected by m ultiplying th e num ber of bacteria of each size range by their length and summing. I f this is done and log ncorr-is plotted, the usual logarithm ic law is found to be approxim ately obeyed. F or cultures which give snake-forms there are two m ain differences between the curves of log n and log ncorr against tim e : the slope of the latter is greater and the onset of the stationary phase appears earlier. This is because a t the end of the logarithm ic phase, when there is no further increase in bacterial substance, the snake-like forms continue to divide, w ith increase in n h u t n ot in nC 0Tr . F or a culture giving crmax = 225 correction of the counts in the way indicated increased th e apparent grow th rate constant by a factor of 1*2. media containing more than very small amounts of asparagine cr is zero: asparagine thus possesses properties similar to those postulated for D, or, more simply, is a substance from which D is readily formed.
I n f l u e n c e o f in o c u l u m s iz e
This is largely a corollary to the discussion on medium additions, since, normally, old medium is carried over with the inoculum.
Increase in inoculum size will have the following effects: (1) With cultures from bouillon or asparagine it will increase the amount of these substances transferred and thereby cause a speedier formation of D relative to L. (2) With ammonium sulphate cultures it will increase the amount of L transferred, and so allow elongation to set in earlier: D, according to the results already described, not being transferred with the medium in this way. The concentration of D per cell can only change by internal reactions, while L is changed on transfer, since it pervades the medium. (3) It will increase the rate of formation of L in the new medium simply in virtue of the larger number of cells transferred (Lodge & Hinshelwood 1943) . This effect does not occur with D, since the formation of D by one cell does not contribut rate to a' comparable extent) to the store in the medium available for all the other cells.
The interplay of these effects determines the complex relations between inoculum size and cr, which at first sight appeared chaotic.
The following are examples of typical results: (a) With young inocula from bouillon or asparagine, giving large values of cr, increase in the inoculum size beyond a moderate value causes a sharp fall in cr.
For example, a bouillon culture, 2\ hr. from inoculation, gave on transfer of 4 or 6 loops to dilute glucose-ammonium sulphate, = 120. Transfer of 0-1 c.c. gave o -5. Again, 5 loops of a 10J hr. bouillon culture gave on transfer o -90, while 0'1 c.c. gave o = 3. With a culture grown in asparagine out of bouillon, 5 loo o = 90, while 0-1 c.c. gave o = 36. These observations are explained by the pre dominant influence of (1) above. (2) and (3) count for little, since L is already exerting its optimum effect, as shown by the high value of o with the smaller inocula: any extra L due to the larger inocula is largely wasted, but the extra D which these media can rapidly form shifts the balance in favour of early division and lowers the incidence of the snake-forms.
(6) With small bouillon inocula of cultures giving only moderate values of o, the inoculum size has httle effect, at least over a certain range. The tendency to give the snake-forms is not large (moderate values only of o), i.e. L does not reach its threshold much more easily than D. Increased inoculum size adds more D by effect (1), but causes more rapid formation of L by (3). The effects balance.
(c) After passage through the artificial medium <r falls, and the value may now increase with increasing inoculum size, e.g. from 5 loops of an inoculum which had been twice through the ammonium sulphate medium o was zero, while from 0-1 c.c. o was 7. On training, L production is lowered in the dilute medium (previous section): hence (2) and (3) become of greater importance. Larger amounts of medium transferred lead to improved L production, while D, which is not transferred with medium to any comparable extent, does not receive a similar advantage. With larger inocula, therefore, the balance is displaced in favour of elongation.
I n f l u e n c e o f g r o w t h i n h ib it o r s
Various disinfectant substances have been shown to interfere with the growth of Bacterium lactis aerogenes in quite different ways, some prolonging the lag phase, others changing the mean generation time and so on (Poole & Hinshelwood 1940) . Some might be expected specifically to interfere with L production, others with D production. Some might, therefore, favour and others antagonize the production of the snake-like forms.* This matter has not so far been fully studied, but the following observations confirm the expected specificity of action.
In the standard glucose medium, none of the substances studied by Poole & Hinshelwood caused the production of snake-forms (phenol, formaldehyde, mercuric * Ainley W alker & M urray (1904) observed the production of long snake-like forms from Bacterium typhosum grown on various m edia to which small am ounts of m ethyl violet and dyes had been added. They recorded excellent photographs of these organisms, b u t did not apparently pursue th e enquiry into their nature. chloride, copper sulphate). In the standard medium normal forms are produced in presence of sulphanilamide and sulphaguanidine (Davies & Hinshelwood, un published) .
In the dilute glucose medium, ethyl alcohol gives normal forms, but the addition of small amounts of tertiary butyl alcohol has now been found to cause a very marked production of snake-forms. In this example the lag is increased, which means that, although L production is lowered, D production must be lowered still more; or at any rate, division is specifically inhibited. The lack of balance, however, is not so great as to prevent the disappearance of the snake-forms as the logarithmic growth phase ends.
With the concentrated glucose medium, very long cells are formed in presence of meta cresol, provided that the inoculant culture is near the stage where its lag is zero (unpublished observation of Spray & Lodge, who are studying quantitatively the relation of long cell formation and lag in the fight of the hypothesis of L and D factors).
D is c u s s io n
The phenomena which the present study has brought to fight may be recapitulated as follows. The size of the cells formed in the growth of Bacterium lactis aerogenes depends upon the balance between the rates of formation of two separate factors, which we have designated L and D, L largely determining the length of the lag phase, and D determining the probability of division. When D is in short supply, the pro bability of division is low and the statistical law of size distribution is of the form to be expected if division depends upon the simultaneous fulfilment of a number of independent conditions. The division probability is a function, inter alia, of the osmotic pressure of the medium, and of the presence of various specifically acting substances in the medium.
The L/D balance is subject to a marked training effect. This operates in the sense that organisms transferred to a new medium adapt themselves to give normal cells under conditions where they at first give abnormal forms. This adaptation can be interpreted as a change in the relative rates of production of L and D.
To complete our physical picture of the phenomena, therefore, we must construct some sort of notion, however rough, of the way in which this kind of change can come about.
Since the views we shall tentatively put forward are applicable to various other investigations in progress here, it will be convenient for future reference to deal with them in a. separate section.
W o r k in g h y p o t h e s is a b o u t a d a p t iv e c e l l REACTIONS, AND GROWTH MECHANISMS
In this section we shall formulate a working hypothesis about the physico-chemi cal mechanisms underlying certain phenomena of bacterial growth. We shall refer various effects to the formal analogy of what may be called a crystal growth model.
The cell contains a series of sites where synthetic or other chemical activities occur: we shall call these enzymes without implying that the activity is conditioned by the presence of an isolable chemical compound rather than by the configuration of some part of a protein chain or network (cf. e.g. Quastel & Wooldridge 1927) .
When the cell grows and divides all the enzyme systems in it are duplicated. We do not know by what means enzymes are synthesized or protein chains built up, but we make the following postulate: that structural elements are built on to existing structures in a way formally analogous to the growth of a crystal in solution, whereby existing configurations of atoms reproduce themselves when the appropriate material is presented to them.
Bacteria utilize various substances which, sometimes after preliminary degrada tion, they incorporate into their own structure. As the cell grows to the point of reproduction, we picture the enzyme systems growing by the accretion of fresh structural units on to existing foundations. Whether the former be amino acids, or, as modern work on polymer formation suggests for some cases, free radicals par ticipating in chain reactions, cannot at present be discussed. Nor do we know whether there are discrete islands of specific compounds, or simply regions of specific configuration in complex protein chains which, as is also known from work on polymers, might traverse many separate regions of crystalline order in the course of their length.
We shall find it helpful, however, to suppose that there exist a system of funda mental patterns in a given cell, which we shall refer to as A1 -sites, and that growth depends upon the supply to these of an adequate number of synthetic units of the appropriate kind.
The rate of formation of new enzyme will, in general, depend upon both the existing extent of the 12-sites, and upon the number of available synthetic units. (Either may in special circumstances become the limiting factor.)
With an arbitrary initial specification of the extent of the various enzyme patterns the rates of increase in a given medium will bear no particular relation to one another, and enzymes will be formed in amounts which bear no relation to the needs of the cell. Such a cell will be ill-adapted to life, and if the lack of balance is serious, the cell will not be viable. The existence of a living cell, therefore, presupposes an initial distribution of patterns not too violently out of harmony with requirements. (How the first favourable distribution came about is a question which goes beyond the scope of this discussion.)
Within the limits of the requirement that the relative extents of different patterns must not be too unrelated, we can see that different kinds of adaptation and variation are possible.
Let us consider two kinds of synthetic unit, A and B. Let the cells which have grown and multiplied for many generations in a certain medium whence A is abundantly derived and B scantily be transferred to a medium where the inverse holds. At the start the cells are adapted to grow by a mechanism utilizing A. The patterns which grow by the accretion of A-units will be present plentifully. If those suitable for taking up B are not present at all, then no adaptation to the new medium will occur, and growth will be difficult or impossible. If, however, a few sites of the B-utilizing type are present, they will now expand by accretion from the abundantly supplied B. The A-type will no longer be built up, and, after successive divisions of the cells, will recede, until the mechanism for the assimila tion of A has decayed.
The gradual expansion of the B-type sites will be the ' training ' of the cells for growth in the new medium: the recession of the >4-type patterns will be the 'de training ' of the cells for growth in the original medium.
On this view, training may vary widely in character, both in rapidity and in per manence. If the initial supply of 13-patterns is appreciable in some cells and non existent in others, then adaptation may occur by natural selection with elimination of those cells having no initial supply. Again, if, as the type B patterns develop, those of type A disappear entirely through lack of building material, then power to grow in the original medium is lost, and we have an irreversible mutation. If, on the other hand, the A-type merely decrease in number (whether because the new medium is not wholly unable to provide synthetic units of the proper kind, or because a few protein sites are always potential origins of growth for the A-type pattern), then the adaptation will be reversible on retransfer to the old medium. The enzyme functions as an 'adaptive' one. On the view outlined, however, the distinction between an irreversible mutation and a reversible adaptation is one of degree only. (For review of adaptive enzymes see Dubos 1940.) We have now to consider not merely the reversibility of the adaptation but the rate at which it occurs, i.e. the susceptibility or resistance to training. This involves a further consideration of some general importance. What we have called enzymes will differ in their relation to the cell as a whole. Some must be regarded as themselves constituting important parts of the total protein material: others are confined to small specialized sites and form, quantitatively, an insignificant part of the cell substance. With the first kind, the new patterns must be established after a few divisions, if the cell is to grow at all, and the adaptation will appear to take place rapidly-indeed, the cells will appear to grow equally well in the old and the new medium-except perhaps for differences in lag phase. This type is, however, not likely to be common: cell growth does not consist simply in the parallel and unco-ordinated reproduction of a number of enzymes whose material adds up to account for the whole cell contents. Growth consists in a complex series of inter related processes, in which a given enzyme catalyses the formation of products used in other parts of the cell: the reproduction of many enzymes may not run at all parallel with the general growth of substance, though the amount of it present at any moment may control the rate at which the general growth occurs. We have, therefore, the likelihood that the new patterns attain their maximum extent-and efficiency-only after many generations. Training and adaptation will then appear slow. Similarly, the reversal of an adaptation on retransfer may be slow or fast. Furthermore, the rate of shrinkage of the original sites and the development of
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new ones may be independent processes, so that adaptation to a new medium is not necessarily correlated with loss of power to grow well on retransfer.
The adaptation of the E-sites to new conditions may manifest itself in various ways. First, the important adaptation may be that of an enzyme which helps in the synthesis of an intermediate product of protein synthesis, in which case the adapta tion will appear as a shortening of a lag phase. Secondly, it may be that of a reaction which is rate-determining for the actual production of cell substance and which therefore expresses itself in the rate of elongation of the cells. Thirdly, it may control a substance or a condition upon which the actual division of an elongated cell depends. A lack of balance between the adaptations of the second and third types may lead to changes in morphology, e.g. to the production of snake-like forms, as described in the previous sections. Fourthly, the adaptation may involve the development of existing but recessive patterns which allow growth to occur when, without change of the nutrient medium, the original growth mechanism is put out of action by a toxic agent. Here we have a phenomenon which simulates-or in fact constitutes-an immunization. The bottle-neck in the establishment of the new mechanism may reveal itself as a lag phase.
The whole basis of the above discussion has been that the rate of formation of the new E -s ites, which must be completed before the cell is ready to divide, depend not only upon the supply of synthetic material available from the medium (or as products of precursor enzyme processes), but also upon the extent of the patterns present at any moment. As the cells grow they change the medium: thus the syn thetic material is always changing. The sites are developing or receding at different rates: so that we continually present slightly different A'-sites to slightly different supplies of synthetic material. Therefore the cell population is not strictly uniform. Each generation must differ slightly from the previous one. Here we have a basis for slow ' spontaneous ' mutations, and for the non-uniform populations upon which selection may operate. Indeed, we have the first rudiments of individuality making their appearance.
A little must now be said about cell division, though we have no theory to put forward about this process. It is not clear whether or not any morphologically discernible nucleus exists in a bacterial cell: the balance of evidence appears to be against the idea. (For review of literature see Lewis 1941.) Nevertheless, there must be what we shall call a centre of organization. When all the new enzymes are built up and all the requisite new substance is synthesized, the cell is ready to divide. Somehow or other half of the substance regroups itself about a new centre and various other effects ensue. We are ignorant of the processes leading up to the forma tion of the new organization centre, but from the law of size distribution of cells showing delayed division, we may conclude that it is governed by a favourable conjunction of a number of independent circumstances. In a given medium it seems to be favoured by a high osmotic pressure: and it appears to be specifically favoured or delayed by certain chemical substances which influence it more than they in fluence the formation of new substance, thereby giving rise to morphological changes.
